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SUMMARY

We are developing a flexible efficient computer code to simulate
electrophoretic separation phenomena, in either a cylindrical or a rectangular
geometry. The code will compute the evalution in time (or in distance down a
separation chamber) of the concentrations of an arbitrary number of chemical
species, and of the temperature, pH distribution, conductivity, electric
field, and fluid motion. Use of nonuniform meshes and fast accurate implicit
time-stepping will yield accurate answers at economical cost.

The biggest prablem in recent space and ground tests of free-flow
electrophoresis separation equipment has been excessive sample spreading in
the field direction, and consequent loss of resolution. Prior theories
attributed the spreading (in space experiments where gravity could not be
blamed) to two crescent-forming effects:

increased residence time near the walls; and
the electroosmosis flow in the chamber driven by the slip velocity at

the walls.
But the observed spreading is too great for this explanation, unless the
sample is first spread towards the walls by some other effect.

Using the model 1in its rectangular-geometry mode, we sought to explain
the observed results as due to a combination of three additional effects:

electrokinetic spreading;

sample spreading towards the wall along diverging field lines
associated with the non-uniform conductivity; and

sample spreading towards the walls due to the transverse flows
associated with the nonuniform wall slip velocity produced by field
variations.

The model runs were successful, and confirmed the significance of the
phenomena, but the effects were still too smal! to explain the observations.

We therefore reached the conclusion that the effect was caused by
electric and dielectric body forces. The suggestion has been confirmed by
preliminary analysis and experiments.

We are now including such forces in the computer model, under a separate

contract. We will develop experimental parameters for a definitive analysis
of electrohydrodynamic phenomena in electrophcresis, and for their accurate
simulation in the model. This will require carefully chosen experiments, to

isolate the phenomena and their relative magnitude. Once this has been done,
an upgraded code can be applied in the determination of designs and parameters
for successful operational separation processes.

In summary, electrophoretic purification of biochemical products |is
likely to be the first major commercial application of the zero-gravity
environment of space. Terrestrial and space experiments and model simulations
have shown significant problems due to eiectrokinetic and electrohydrodynamic
phenomena. The code will be a significant factor in overcoming these
problems, and in the design and operation of commercial separation devices.
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Chapter 1
BACKGRQOUND

Electrophoretic separation exploits the varying electrokinetic mobilities
of different species in aqueous solution, as 3 function of the pH (or
acidity). There are two techniques important for bulk free-flow separation.

1. In zone -electrophoresis, the sample is injected inte a uniform buffer
of fixed pH, and the components separate in the direction of the
electric field.

2. In isoelectric focusing, a mixture of ampholytes is electrolyzed,
establishing a pH gradient in which the ampholytes (including the
proteins and other substances of interest) focus at their iscelectric
point (where the mean ionization and mobility become zero.

For diagnostic separations, gels and porous films are used, in order to
eliminate wundesired flows. There 1is still a flow through the porous medium
due to electroosmosis (see below), uniess it is canceled by the flow due to a

pressure gradient.

For bulk separations, continuous flow devices have been developed, using
both principles (zone electrophoresis and isoelectric focusing). In
continuous flow electrophoresis (CFE), a uniform buffer flows between parallel
plates, and an electric field is applied in the transverse direction. A
mixture is injected into the center of the gap, and the components separate
and are withdrawn through collection ports at the end of the chamber. In
recirculating isocelectric focusing (RIEF), all the components are continuously
withdrawn at one end of the chamber, and recycled to the other end, until! the
desired product is sufficiently pure in the appropriate collection port.

These free-flow devices allow large throughput. But their operation is
hindered by undesired flow components. For example, there are flows driven by
terrestrial gravity, since density differences due to concentration and
temperature (from ohmic heating) cause undesired convection currents. Also in
cell analyses the cells themselves settle under gravity. This is the reason
for NASA's involvement in electrophoresis.

1.1 HYDRODYNAMICS

The flow field and pressure distribution in free-flow electrophoresis are

determined by a balance of the following effects,

external boundary conditions on the flow or pressure,

viscosity,

nomentum (normally a weak effect),

convection, due to horizontal variations in density,

wall electroosmosis,

electric field body force on the mean charge density,

dielectric bndy force.
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ldeally, the flow would be a simple balance between the imposed pressure
gradient and viscosity, implying a Poiseuille flow profile in a separation
chamber. This profile is modified by the other effects. The more significant
of these effects are discussed below.

1.1.1 Convection

Horizontal density gradients, caused either by temperature differences

due to ohmic heating or by variations in the concentrations, lead to
convection currents. Such currents are negligible in space. They can
normally be kept down to manageable levels in the laboratory by efficient
cooling at the sides and by wusing small dimensions (which unfortunately

decreases throughput).

Ellerbroek and Kolin (1879), Rhodes and Snyder (1981, 1982), Saville
(1978), and Lynch and Saville (1981) have studied convection models for
continuous flow electrophoresis chambers. These computations used simplified
models for the ohmic heating. McDonnell Douglas Astronautics Corporation has
a similar hydrodynamic model! (Richman, 1984) .

For convection due to heating, the rate of heating 1is proportional to
the square of the applied field, and to the conductivity. The separation rate
is typically proportional to the field and to the conductivity. Decreasing
the concentration of the buffer does not help, because the sample
concentration must generally be decreased in proportion.

1.1.2 Wall Electroosmosis

Wall electroosmosis is caused by charge separation at the wall. The
solid becomes <charged, wusually negatively, by the passage of {ons into
solution. The solution becomes positively charged in a thin layer against the
wall, calied the Debye layer. [ts thickness L 1is of order microns or less,

depending inversely on the square root of the ion concentration in the fluid.
The charge Q per unit area, and the so-called zeta potential QL/k (where k
is the dielectric constant), depend on the materials, the temperature, and
the pH.

When a tangential electric field is applied, the force on the ions in the
fluid results in motion through the fluid, and the species migrate as the
current passes. In the fluid interior, charge neutrality prevails, so there
is no net electric force on the fluid. In the Debye layer there is a large
net electric force on the fluid, producing motion. The force is balanced by
the viscous stresses associated with the motion.

The net effect outside the infinitesimally thin Debye layer is a slip
velocity

U = EQL/# .
Here E 1is the electric field, L is the Debye layer thickness described above,
and ¥ is the wviscosity. The stress EQ 1is balanced by the viscous stress
-pU/L  at  the wall. Like the rate of separation, electroosmosis is linear in

the applied field.
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In a plane-walled separation chamber, the flow field distribution
resulting from this slip velocity is a superposed Poiseuille flow profile in
the opposite direction. A pressure gradient is established to maintain this
flow.

Wall electroosmosis can be effectively eliminated by the use of gels or
by using a sugar solution with a strong vertical density gradient. These

methods restrict the separation throughput. [t can be controlled by the use
of micropore screens. Wall baffles and special coatings have also been
tested. Percy Rhodes of MSFC has suggested the use of separation cells with
moving boundaries, to cancel the electroosmosis and to give a uniform flow

profile along the chamber.

Dewey and Graham (1983) (under the guidance of Saville) computed the flow
driven by wall electroosmosis in a segmented tube. Roberts (1984a)
generalized their computation to include the effects of rotation.

1.1.3 Electric Field Body Force on the Mean Charge Density

The electric force on the charged ions causes them to move steadily
through the water against the viscous drag. [f the mean charge density is not
zero, there is a net force on the fluid. The mean charge density is always
negligible compared with its positive and negative components, but the body
force may not be negligible. The bady force density can be written, using
electrostatic units, as

Eq = E(E.V(k/47T0D] ,
where q 1is the «charge density, k is the dielectric constant, and 7 is the
conductivity. Thus the force is significant when there are sharp variations
of the conductivity or the dielectric constant in the direction of the field.
Note that the effect is quadratic in the applied field, so that its relative
importance compared with the rate of separation can be reduced by reducing the
field.

1.1.4 Dielectric Body Force

Water has a high dielectric constant of about 80. This reflects the
polarization of the molecules into dipoles by an electric field. [f the field
is not uniform, there is a resulting body force distribution. Physically, the
two ends of the dipole are at locations with differing fields, and thus
experience different forces. Tha Geophysical Fluid Flow Cell (GFFC) in
Spacetab 3 wused this effect in silicone oil, and so does NASA's planned
Atmospheric General Circulation Experiment (AGCE) .

1f the dielectric constant of the fluid does not vary with position, then
the dielectric body force can be expressed as the gradient of a scalar, and
can therefore be canceled out by a pressure gradient. Variations in the
dielectric constant with temperature or with concentrations may therefore play
an important role. The dielectric constant is reduced by the presence of
ions.

This effect is also proportional to the square of the applied field.
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1.2 ELECTROKINETICS

Electrokinetice is concerned with the evolution of the concentration and
the degree of ionization of each species, together with the pH and
conductivity, as the ions move in response to an electric fieid.

For low concentraticns of sample species in a wuniform buffer of
relatively high concentration, the conductivity and field strength remain
uniform, so do the pH and degree of ionization, and species of differing
mobilities separate in the field direction in a straightforward manner.

However, useful separation devices require higher concentrations, and the
phenomena involved are more complicated. The changes in pH and conductivity
with the local concentrations lead to variations in the degrees of ionization
and in the local field strength.

With samples including significant concentrations of large protein
molecules, a phenomenon analogous to electrodialysis results in the
establishment of a region of low conductivity on the side of the sample toward
which the protein ions are migrating, and in a high conductivity region on the
other side, as the different concentration distributions evolve in time.

The coupled equations describing these phenomena are strongly nonlinear
and not amenable to analytic solution. Numerical models are the only
practical method of study. The models need only operate in one spatial
dimension, plus time, to clarify the main phenomena.

Bier et al. (1983) and Roberts (1984b) independently developed

electrokinetic models, which predict the evolution of the species
concentrations, the pH distribution, and the conductivity and current and
field distributions. Bier's one-dimensional code was applied to seven cases,
involving zone electrophoresis,moving boundary electrophoresis,

isotachophoresis, isoelectric focusing, and electrodialysis. Qur code was two-
dimensional (with one dimension as an option depending on parameter input at

compilation); it is now being upgraded to allow the option of three
dimensions, with a Cartesian or «cylindrical geometry. Using the one-
dimensional capability, we reproduced Bier's results. Qur code differs from

Bier's in the following respects:

Bier confines attention to single ionizations, and cannot handle
proteins;

Bier computes fluxes of each ion separately instead of averaging over
the degrees of ionization;

Bier neglects bulk fluid motionj
Bier is currently limited to five species; and
We use fast implicit methods and flexible nonuniform meshes.

Further details of our own SAMPLE code are given below.
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1.3 The SAMPLE Code

Our report (1984b) described the current status of the code. Many
modifications have been made since then, under other programs and in this
program (Roberts, 1985, 1986, Rhodes et al., 1988), and more are planned.

Briefly, the code computes the evolution 1in time (or distance down a
continuous flow electrophoresis chamber or recircuiating iscelectric focusing
chamber) of the concentrations of N species such as hemoglobin, sulfate,
sodium, phosphate, histidine or ammonium. There are six stages in each time

step:

1. Get the pH distribution from charge neutrality, using appropriate
models for the mean ionization of each species as a function of pH,
and including hydrogen and hydroxyl ions.

2. Get the conductivity distribution by adding the species contributions,
and get the ion diffusion potential.

3. Solve a Poisson-like equation for the current distribution and voltage
distribution, using charge continuity.

4, Get the flow field from a simplified model of the hydrodynamics.
Current options are
no motion,

uniform Poiseuille flow down a chamber,

electroosmosis slip profile in the direction of the local field at
the wall, and proportional to the field, and with a flow in the
thickness direction determined by the divergence of the
electroosmosis flow, and

added flow components due to moving walls, as 1in the planned
apparatus of Rhodes (1885).

In addition, a full electrohydrodynamic model has been implemented
in two dimensions, as part of a separate continuing contract.

5. Get the species fluxes, adding contributions from the mean flow,
electric field, and diffusion.

6. Update the concentrations of the N species, wusing the flux
divergence.

The code has been validated using pH and conductivity measurements, and

using analytic solutions for the dispersion of low-concentration samples. [t
has been used to reproduce the seven sets of one-dimensional results reported
by Bier et al. (1983), and to simulate two series of cellulose acetate

experiments performed with hemoglobin in a barbital buffer at MSFC in 1983 and
1984 (Roberts, 1985, Rhodes et al., 1988). It has also been used to simulate
low-concentration CFE with uniform electroosmosis; the results agree with
analytic results. Finally, our simulations of electroosmosis effects on
isoelectric focusing in two dimensions were reported by Roberts (1984c,d).
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This is a powerful tool with great flexibility in simulating a wide range
of situations. Prior applications include:

steady three-dimensional continuous flow electrophoresis solutions;

steady three-dimensional moving-wall continuous flow electrophoresis
solutions;

steady two-dimensional moving-wall continuous flow electrophoresis
solutions;

time-dependent two-dimensional channel electrophoresis;

time-dependent two-dimensional channel isoelectric focusing with
uniform electroosmosis;

time-dependent two-dimensional acetate film experiments;
time-dependent one-dimensional acetate film experiments;
time-dependent one-dimensional isotachophoresis; and

time-dependent one-dimensional moving boundary electrophoresis.

However, in 1its form as wused for this contract, the code had the
following limitations.

1.

Salts were neglected. Thus sodium sulfate and hemoglobin barbiturate
do not occur either as molecules or ions. There is no chemistry apart
from simple reactions with water and hydrogen and hydroxyl ions. For
many situations this is a good approximation. Eliminating this
limitation would be a major undertaking, and we have no such plans at
present.

Activity effects were neglected. In reality, each ion |is
statistically surrounded by a Debye <cloud of 1ions with opposite
charge, with radius of order the Debye thickness. This cloud modifies
the ion motion and thus also the conductivity. We plan to implement
an activity effects formulation in the near future.

Temperature effects were neglected. They include variations in the
ionizations, the diffusivities, the conductivities, the viscosity, the
buoyancy (if gravity 1is present), the electroosmosis, and the
activity. Our long-term plans include temperature effects modeling.

The hydrodynamics was oversimplified, as described above, and was
inadequate to explain some of the observed phenomena. Electrohydro-
dynamic effects play a dominant role in many situations, and are
included in the new version of the model under current development.

Time-dependent three-dimensional cases are excluded, although such
phenomena are frequently observed in electrophoresis. This deficiency
is being addressed under the separate program.
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The appendix summarizes the equations and numerical methods as used in
the SAMPLE code for this contract.
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Chapter 2
PROGRAM RESULTS

2.1 OBJECTIVES

The main objective of +this program was to analyze and model the sample
spreading phenomena which are observed in laboratory and space-based
electrophoresis, and which have not been previously explained. The success of
future tests depends on a better understanding of these phenomena. This
required analytic studies, model development, model studies, and parallel
laboratory studies.

2.2 TASKS

The program required us to upgrade the computer model, to apply it to
experiments chosen to validate the electrokinetics, and to apply it to cases
where electroosmosis is significant. Support of «critical wvalidation
experiments performed at MSFC was also required. ‘

We have implemented all the planned code upgrades except for activity
effects. These do mnot seem to play a dominant role, at any practical
concentration.

We supported a series of porous medium experiments in acetate film, for
model and code electrokinetics validation, in the absence of flow effects.

Our electrokinetic validations were successful. We were able to
reproduce the experimental observations of sample spreading in the
experiments. The effect was due to the non-uniformity of the conductivity,
pH, and current, caused by the presence of the protein sample. The generation
of large conductivity wvariations by the presence of the protein is an effect
which was first noticed in the numerical results, and which we have since
explained theoretically and confirmed experimentally. The phenomenon is
analogous to electrodialysis and results in the establishment of a region of
low conductivity on the side of the sample toward which the protein ions are
migrating, and in a high conductivity region on the other side, as the
different concentration distributions evolve in time.

Qur simulations of free-flow electrophoresis failed to reproduce the
spreading observed in prior laboratory and space experiments. We obtained
spreading effects, due both to the electrokinetic effects and to circulating
flows driven by wvariations in the electroosmotic slip velocity. But the
effects were much less than in experiments performed by ourselves and others,
including experiments 1in space. In many of these experiments, dramatic
spreading is seen as soon as the sample leaves the nozzle, much more rapid
than in our simulations.

We have now demonstrated theoretically, experimentaily, and numerically
that the spreading 1is caused by electrohydrodynamic effects, as described in
Chapter 1. Only the wearly experimental and analytic work in this area was
done wunder this program, and the results reported below inevitably reflect the
later work.
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2.3 EXPERIMENTAL VALIDATIONS ON ACETATE FILM

The experiments on acetate film had three objectives. First, we wanted
to eliminate free-flow effects by using a porous medium. Secondly, we wished
to visualize two-dimensional spreading along diverging field lines. Thirdly,
the experiments provided an experimental validation of our electrokinetic
model and of its representation in the code.

The experiments were done at Marshall Space Flight Center, by Percy
Rhodes and other NASA personnel, with our support.

The acetate film medium consists of flexible sheets of clear plastic with
dimensions 7.5cm x 2.5cm, coated on one side with porous cellulose acetate of
uniform thickness about 0.2mm. It is sold commercially for quick diagnostic
electrophoresis, in which the film is soaked in buffer and set up lengthwise
as the connection between baths of buffer containing the platinum electrodes.
In those tests, the sample is applied as a straight line across the film, and
separates under the action of the field into a series of parallel stripes.

For our tests, we used a barbital buffer (sodium barbiturate and
barbituric acid) with a pH of 8.55, at two dilutions, and we used samples
consisting of either 8.8% or 1.8% hemoglobin, in the same barbital buffer at
different concentrations. The sample was applied to the buffer-moistened film
through a syringe, and formed a circle as it spread under the action of
surface tension. The field was then turned on, and the spreading of the
hemoglobin was observed and photographed. The visual observations and
photographs were satisfactory; but for the photographs reproduced below,
duplicate experiments were stopped at different times, and the films were
removed and the protein fixed and stained by conventional technigues.

The circular initial shape 1is a natural analog of the circular cross
section of the sample filament flowing from an orifice into a continuous-flow
electrophoresis chamber. Electrohydrodynamics and normal wall electroosmosis
are of course eliminated by the porous medium, and there is no analog of the
larger residence time in the chamber experienced by fluid near the walls in
CFE. There 1is electroosmosis in the pores of the porous medium, resulting in
what is essentially a plug flow in the field direction. This flow was
observed by the motion of the samples with the highest conductivities (which
had the least motion of their own), and by the inferred motion of the buffer
components in cases where the electrokinetics does not cause motion.

In earlier experiments, visual and photographic observation of the
hemoglobin was the only measurement made. Later, we made a grid of 40 fine
platinum wire electrodes, projecting about a millimeter from a rigid plastic
support, in an 8 x 5 rectangle with a spacing of 2mm (80 mil). This was used
to make voltage measurements on the acetate film at successive times during

the experiments. The digital wvoltmeter was switched between the electrodes
under computer control. A smali bias voltage was used to ensure that every
voltage read was more than 2 volts, so that the electrode effect (depending on
the current direction) was the same for each electrode. The wvoltage

measurements could then be plotted, and compared with model predictions.
These plots were difficult to make and not highly reproducible. There were
differences depending on the sign of the bias, and on the quality of the
electrical connections between the electrodes and the buffer in the cellulose

acetate film.

..10._



Electrophoresis Performance Roberts

We did a large number of experiments with this system, since they were
easy to perform. In particular, we performed a series of eight definitive
runs, with a wide range of relative concentrations of barbital in the buffer
and sample, and of hemoglobin in the sample. These eight experiments are
summarized in Table 1.

Sample [D Vi A v [11
7 (*mho/cm) 4500 195 206 420
pH 8.4 7.3 7.5 7.6
Hemoglobin % 1.8 8.8 1.8 8.8
Experiment Number

Buffer 7 160 pPmho/cm 1 2 3 4

Buffer ¢ 454 pmho/cm 5 6 7 8

Table 1. Experimental Parameters for Eight Acetate Film Experiments

The experimental parameters were chosen to illustrate problem conditions,
with either large initial conductivity contrasts or relative protein
concentrations sufficiently high to cause such contrasts through the
electrokinetics. We had previously found that the protein moved uniformly in
response to the field when the initial conductivities were matched and the
relative protein concentration was low. Sample VI has a very high
conductivity, due to large concentrations of the buffer components, and its pH
and conductivity are hardly modified at ali by the retlatively small amount of
added hemoglobin. The other samples have lower conductivities, and the
hemoglobin plays a significant role.

Figure 1 shows photographs of the hemoglobin distribution for experiment
5, after times of 1, 2, 3 and 4 minutes. For this case, the sample
conductivity was relatively high (4500 tmho/cm), with a buffer conductivity of
454 ppho/cm. The hemoglobin concentration was 1.8%, which decreased the pH of
the sample only a little, to 8.4. Thus to a first approximation, the
electrokinetics was simple, with the hemoglobin passive, and the sodium and
barbiturate concentrations changing only through diffusion. The mean field as
in all the experiments 1is 20 V/cm to the left, so the negatively charged
hemoglobin moves to the right. The hemoglobin moves slowly in the circle of
concentrated sodium and barbiturate which was introduced with the hemoglobin
(high conductivity, low field), and moves much faster once it escapes to the
lower conductivity and larger field of the buffer. The result 1is a
discontinuity in hemoglobin concentration at the circular edge of the high-
conductivity region, visible in the photographs. The hemoglobin "bleeds" out
of this circle.

Figure 2 is the corresponding experimental voltage plot, after an

experimental time of 4 minutes. The_high-conductivity region is visible as
the low-field region where the equipotential lines have a wide separation.

_11_
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Figure 1. Experimental Hemoglobin Distributions for Case 5.
The times are 1, 2, 3 and 4 minutes. The field of 20 V/cm is to the left.
The sample-buffer conductivity ratio is 10. The hemoglobin concentration is
sutficiently low that it is roughly passive. See the text.
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Figure 2. Voltage measurements at 4 Minutes for Case 5
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2.4 ELECTROKINETIC AND DIVERGING-FIELD SAMPLE SPREADING

We have used our SAMPLE computer model to perform a very large number of
simulations related to the cellulose acetate film experiments. The four
objectives of these simulations were to validate the code and its equations
and algorithms, to further optimize the algorithms, to improve our
understanding of the electrokinetics, and to provide a basis for interpreting
the experimental results.

In particular, we performed definitive simulations of the eight
experimental cases described above. For Case 1, we performed simulations
using meshes of 40x10, 80x20, and 160x40 mesh points, in order to demonstrate
convergence of the results with increasing spatial resolution. We performed
similar tests of the time resolution.

Figure 3 shows the second of three pages of input data for Case 1. The
tirst page computes 20 seconds of diffusion from the analytic initial
condition representing the newly-applied sample. The second page covers 360
seconds of simulation with an applied field, while the third page covers a
further 180 seconds (for a total of 9 minutes with the field applied). In the
figure, there are three groups of parameters, defining the problem, the
method, and the output options. The text on the top line in Figure 3 is
copied to the plots and other output, for identification.

The first group of problem parameters define the domain and nonuniform
mesh, the sample and field, and the other quantities indicated. The second
group are concerned with the three species, giving their concentration in the
buffer and sample and their ionization properties.

The method parameters control the numerical method for updating the
species concentrations at each time step, together with the Poisson-type
iteration for the electric field distribution corresponding to the computed
conductivity distribution at each step. TSTEP is the time step in seconds.
The other parameters will not be described in detail.

The output parameters in Figure 3 provide many options. ISEGR is 1,
indicating a restart from data written to segment 1 of the direct access file
by the computation based on the first page of data (20 seconds of diffusion
before the field is turned on). [ISEGW, I[BEGDA, and [INCDA determine that the
present state is written to the direct access file, segments i, 2, 3 and 4, at
steps O, 240, 480, and 720. ZPLL, ZPLR, YPLB and YPLT are the left, right,
bottom and top of the plotted region, cf. Figure 6. The plotted region is
smalier than the computational domain. Printer plots of the indicated
variables in physical coordinates are produced at step O and then every 240
steps. The combination O -120 in the "PRINT NUMBERS" columns indicates that
files are written to produce later superposed plots of the values of the
indicated variables on the axis in the field direction, at 120 steps or one
minute intervals. The "PLOTTER |IDAOUT", "PHYSICAL"™ columns combination
"1 1" indicates that those variable are to be plotted (in a separate run
of the separate plot program) at every segment written to the direct access
file.
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CELLULOSE AGETATE 1/1.8(VD)/0.75X/20 s34PROBLEM PARAMETERS#s»
Z MESH Y MESH SAMPLE WATER MOBILITIES SIDE BOUNDARY CONDITIONS
ELECTRIC FIELD BOUNDARY FLOW  1/2/3 FOR BUFFER/SAHPLE/NO-FLUX
8L = -1.2000000 YT = 0.6000000  YSAMP = 0.0000000 UH = 0.0036000 ILEFT =1
IBR = 1.2000000 YB = 0.0000000  RSAMP = 0. 1100000 UOH = 0.0020000 IRIGHT = |
L = -0.0000000 DYRAT = 8.0000000  PSAMP = -6.0000000 UWE = 0.0000000 LCOND = F
iR = 0.0000000 Y = 0 CZERO = -100.0000000 VB = 0.0014000
DZRAT = 6.0000000 YWALL = 100.0000000  EZERO =  -20.0000000 UB = 1. 0000000
YHESH = 0.0800000
SPECIES BUFFER SAMPLE SINGLE ION  [ONIZATION DEFINITION CONSTANTS
MOLARITY  MOLARITY  MOBILITY N N N N
SODIUN 0.00190000 0.07600000 0.00052700 -3.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
BARBITURATE 0.00228000 0.09120000 0.00050000 -1.00 7.85 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

HEMOGLCBIN A 0.00000000 0.00026000 0.00001000 36.09 25.74 3.39 7.86 17.32 6.82 10.45 t1.40 6.97 6.99 12.65 4,99 4.79

»asHETHOD PARAMETERS#e+

SPECIES TSTEP UPUNDA  UPWNDC FIXCZ  FIXCY THZFX BETDG  BETAD  BETAD  BETCO  BETCD
SODIUM 0.500 0.150  0.150 T T 0.167 0.5 0.5 0.5 0.5 0.5
BARBITURATE 0.500 0.150  0.150 T T 0.167 0.5 0.5 0.5 0.5 0.5
HEMOGLOBIN-A 0.500 0.150  0.150 T T 0.167 0.5 0.5 0.5 0.5 0.5

NSTEP = 720 NPITER = 12 PEXTRP = 0.500

¢+ 11QUTPUT PARAMETERS+e+

DIRECT ACCESS READ & WRITE SEGMENTS WRITE STEP BEGINNING & [NCREMENT DIAGNOSTIC FREQUENCY CONTOUR LINES
[SEGR = 1 [ISEGW = { [BEGDA = O [ INCDA = 240 NDIAG = -1 NCLP = 0 NCLI = O
(0: ANALYTIC. -1: AFTER PRIOR CASE) ZPLL = -0.72 ZPLR = 0.93 YPLB = -0.48 YPLT = 0.48 NCOP[ES = 1
ISTEP BEGIN & INCREMENT FOR PRINTER DIAGNOSTICS RANGES FOR | AND K PLOTTER [DAQUT BEGIN & INCREMENT
VARIABLE PHYSICAL CONTOUR [NTEGER CONTOUR PRINT NUMBERS 1B IE 11 KB KE Kl PHYSICAL INTEGER INCR
gH 0 240 9303 9304 0 -120 =228 1 2 2 -1 1 1 9915 9916 0.0
1GMA 0 240 9903 9904 0 -120 -2 251 1 2 2 -1 i 1 9915 9916 0.0
PHI 0 240 9303 9904 0 -120 -2251 1 2 2 -1 i i 9915 9916 0.0
CURRENT 0 240 9303 9904 9905 9806 2288 1 2 2 -t { 1 9915 9916 0.0
EZ 0 240 9903 9904 8905 8906 -2251 | 2 2 -1 8913 9914 9315 9916 0.0
EY 0 240 9803 9904 8905 8906 2251 2 2 -1 8913 9914 9915 9916 0.0
1ONDCP 9501 9901 9903 9904 9905 9306 -2 251 1 2 2 -1 9913 9914 9915 99i6 0.0
SE%&UH 9901 9901 9903 9904 8905 8906 -2251 ! 2 2 - 9913 9914 9915 9916 0.0
CONC 0 240 9903 9904 0 -120 =225 1 2 2 -1 { { 9915 99i6 0.0
MEAN [ON 9901 9902 9903 9904 9905 9906 2251 1 2 2 -1 9913 9914 9915 98916 0.0
MEAN SQU 9901 9902 9903 9904 8905 9906 -2251 1 2 2 - 9913 9914 9915 9916 0.0
CHARGE 9901 9902 9903 9904 9905 9906 2251 1 2 2 -1 8913 9914 9915 9916 0.0
SIGMA 0 240 9903 9904 8905 8906 -2251 ! 2 2 - 8913 8914 9945 98916 0.0
DCONC 0 240 9903 9904 8905 8906 -2251 1 2 2 -1 8913 9914 9915 9916 0.0
VELOCITY 0 240 9903 9904 8905 8806 -2 251 1 2 2 - 8913 9914 9915 9816 0.0
FLUX 0 230 9903 9904 8905 8906 -2251 1 2 2 -1 1 i 9915 9916 0.0
BARBITURATE
CONC 0 240 9903 9904 0 -120 -2251 1 2 2 - | 1 9915 9916 0.0
HEAN [ON 0 240 9803 9904 8305 8906 -2251 1 2 2 -t 8913 9914 9915 9916 0.0
MEAN SQU 9901 9902 8903 9904 8905 9906 -2251 1 2 2 -1 9913 9914 9915 9915 0.0
CHARGE 0 240 9803 9904 8905 8906 -2 250 2 2 - 8913 9914 9915 9916 0.0
SIGNA 0 240 9903 9904 8905 8906 -2251 | 2 2 -1 8913 8914 9915 9916 0.0
DCONC 0 230 9803 9904 8905 8906 =225 ! 2 2 -1 8913 9914 9915 9916 0.0
VELOCITY 0 240 9903 9904 8905 8906 -2 251 | 2 2 - 8913 9914 9915 9916 0.0
FLUX 0 240 9903 9904 8905 8306 -22%1 o 2 2 -1 { 1 9915 9916 0.0
HEMOGLOBIN A
CONC 0 280 9903 9904 0 -120 -2851 1 2 2 - { 1 9915 9816 0.0
MEAN {ON 0 280 9903 9904 8905 8906 RS 2 2 -1 8913 9914 9915 9916 0.0
MEAN SQU 9901 9802 9903 9904 9905 9906 =225 | 2 2 -1 8913 9914 9915 9916 0.0
CHARGE 0 240 9903 9904 8905 6906 -2 251 | 2 2 -1 8913 9914 9915 9916 0.0
SIGHA 0 240 9903 9904 8905 8906 -2 251 1 2 2 -1 8913 8914 9915 9916 0.0
DCONC 0 240 9903 9904 8905 8906 -2251 1 2 2 -1 8913 9914 9915 9916 0.0
VELOCITY 0 240 9903 9904 8905 8906 -2251 1 2 2 -1 8913 9914 9915 9916 0.0
FLUX 0 240 9903 9904 8905 8306 -2251 1 2 2 -1 8913 9914 9915 9916 0.0
Figure 3. Input Data for Case 1
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Figure 4 shows these one-dimensional plots for the hemoglobin
concentration, for Case 1, at one minute intervals. The check marks on the
horizontal (2) axis are at interval of 0.4 cm. The pattern is shifted left by
an imposed electroosmosis flow of 0.0007 cm/sec, or 0.042 cm/min. The initial
hemoglobin distribution has a radius of 0.11 cm, and has smocthed edges to
represent the effects of mixing during sample application. The 20 seconds of
diffusion has negligible effect on the hemoglobin.

Figure 5 shows the corresponding plots for sodium, and the barbiturate
concentration plots are very similar, with molar concentration 20% more than
the sodium, at each point and time. The hemoglobin is approximately passive,
its molarity is too low to change the sample pH. The electrokinetics does not
modify the concentration in a two-component buffer with monovalent species, to
a first approximation. Therefore these sodium plots represent pure diffusion,
together with the effects of electroosmosis carrying the profiles to the
left. The sodium molarity tends to its buffer value of 0.0019 at large
distances (cf. Figure 3), and is slightly less to the right of its peaks.

Comparison of Figures 4 and 5 shows that the hemoglobin leaks ("bleeds™)
out to the right of the regign of elevated sodium concentration, with a more
or less fixed molarity of 10 ~, while the hemoglobin left within the elevated
sodium region is progressively shifted to the extreme right of that region.

Figure 6 is a contour plot of the initial hemoglobin distribution
(unchanged by 20 seconds of diffusion because of its low diffusivity. The
initial distributions of sodium and barbiturate, prior to diffusion, look
simitar, but of course the value at infinity is not zero.

Figures 7 and 8 are contour plots of the hemoglobin and sodium molarities
after 9 minutes. The sodium distribution is only minutely distorted from the
circular diffusion solution. The far-field value is 0.0019, the maximum of
0.0259 is the lowest maximum in Figure 5. The hemoglobin contour plot in
Figure 7 can be compared with the lowe§§ curve in Figure 4. The large region
on the right, with molarity about 10 is apparent. Comparison of Figure 7
and 8 (which have the same domain as Figure 6) shows that the hemoglobin peak
has moved to the far right of the region of elevated sodium concentration and

conductivity.

In Figure 7, the hemogiobin on the right has spread laterally from its
initial distribution region. The cause of this phenomenon is seen in Figure
9, which is a plot of the current lines at time 2 minutes. The plots at other
times are similar. The current lines diverge away from the high-conductivity
sample region, and the hemoglobin ions move along the current lines in
response to the electric field.

The physics of Case 1 is the same as that of Case 5, as shown in Figures
1 and 2. The hemoglobin in Figure 1 shows a sharp discontinuity between the
value in the circular high-conductivity region and the value to the right.
The hemoglobin 1is displaced to the right of the circular region, and the
discontinuity is seen as a circle, especially at times 3 and 4 minutes. For
Case 1, the concentration of the escaped hemoglobin is so low that it is hard
to see in the photographs which correspond to Figure 1.
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Figure 10 1is the model wvoltage plot corresponding to the Case 5
experimental measurements displayed in Figure 2. The scale is the same in
each case, and the voltage increment is 1 Volt. The agreement is good. For
this case, with a smaller conductivity contrast than in Case 1, all the
hemoglobin leaks out of the high-conductivity sample in less than five

minutes.

Case 2 1is more complicated, because the hemoglobin concentration is high
in the sample, relative to the buffer components, cf. Table 1. Thus the
hemoglobin decreases the pH considerably to 7.3, compared with the value 8.55
for our barbital buffer. As a result, the barbituric acid, with a pK of 7.85,
is only ionized in the sample to a low degree, and can only carry a very small
portion of the current. The hemoglobin is not highly ionized, and therefore
carries little current. Therefare the sodium ions carry the bulk of the
current in the sample region. But outside the sample, the barbiturate and
sodium ions are carrying roughly equal parts of the current. As a result,
both sodium and barbiturate tend to increase on the left of the sample, and to
be depleted on the right. The sodium ions are moving to the left, and the
flux is doubled in the sample. The barbiturate radicals are moving to the
right, except in the sample where they are unionized and stationary. This
qualitative discussion is confirmed by a detailed analysis. Note that as in
Case 1, the molarities of sodium and barbiturate preserve a roughly fixed
ratio. However, the reason for this is very different,

Figures 11, 12 and 13 are plots of the molarities of hemoglobin, sodium,
and barbiturate on the symmetry axis for Case 2, at times of 0, 1, 2, 3, 4, 5
and 6 minutes. Note that this 1is a low-resolution runi the resolution
problems are apparent. The hemoglobin in Figure 11 shows "bleeding", similar
to that in Figure 4, but the wunderlying cause is different. The initial
sodium and barbiturate concentrations are almost constant (the small wiggles
arise from the ion diffusion current during the initial 20-second diffusion
period). But as soon as the current is turned on, a rapid segregation occurs
for both species. For sodium, the molarity range (disregarding the under-
resolved portion) 1is from 0.0183 to 0.0002. The corresponding figures for
barbiturate are 0.0226 and 0.0003.

Figures 14 and 15 are contour plots of the hemoglobin molarity and of the
conductivity, after six minutes, for the same Case 2. The bulk of the
hemoglobin straddles the interface between high and low_conductivities. The
hemoglobin ™tail” in Figure 11, with a molarity of 6§10 ~, is not apparent in
Figure 14, because of the contour increment of 15x10 ~. The maxima and minima
for the conductivity, again disregarding the under-resolved portian, are 1620
and 10 +“mho/cm, an incredible range. The voltage and current distributions
after six minutes, corresponding to this conductivity, are shown in Figures 16

and 17.

In general, a significant local concentration of a large protein molecule

in a buffer will migrate in response to a field. The pH alteration it
produces will lead to a depletion in the concentrations of the buffer
components on the side to which it migrates, and an increase in the
concentrations on the other side. The phenomenon is analogous to

electrodialysis, in which a membrane changes the pH of the fluid within it,
because of radical chemically bonded to the membrane material.
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Case 3 is intermediate between Case ! and 2, with a new feature added.
Figures 18, 19 and 20 are piots of the molarities of hemoglobin, sodium and
barbiturate on the symmetry axis, at ! minute intervals from time zero
(following 20 seconds of diffusion) to 9 minutes. Initially the sodium
concentration is almost constant. However, the hemoglobin in the sample is
not passive, and it produces an increase in the sodium and barbiturate on the
left, and a depletion on the right, during the first 2 minutes. After this,
all the hemoglobin has leaked away, and the sodium and barbiturate excesses on
the left spread through diffusion in a passive manner. The hemogliobin on the
right propagates to the right as a sort of wave packet, with a sharp leading
edge and a log tail, with little or no change of shape. The propagating wave
carries with it proportional decreases in the sodium and barbiturate
concentrations, to 40% and 20%, respectively, of their buffer values. Other
plots (not shown here) indicate that the conductivity minimum in the packet is
30% of the buffer value, while the pH is 7.5, compared with the buffer value
of 8.55. Figure 21 shows the hemoglobin concentration in the propagating
packet, after 4 minutes.

Case 4 differs from Case 2 only by having about twice as much sodium and
barbiturate in the sample, cf. Table 1. The results are qualitatively
similar, with similar large contrasts between the maximum and minimum of the
buffer component concentrations and of the conductivity. The hemoglobin takes
about 11 minutes to "bleed"” away from the initial single peak. The axis plots
for hemoglobin concentration and for conductivity, at 1 minute intervals from
zero to 9 minutes, are shown in Figures 22 and 23.

Cases 5 through 8 are the same as Cases 1 through 4, except for the use
of a stronger buffer. Buffer strength is given in the plot captions as 0.75X
or 2.5X; these are multiples of a nominally standard "X" buffer. Case 5 was
discussed above. Axis plots for the hemoglobin and sodium molarities for Case
6 and 8, at times O through 9 minutes, are shown in Figures 24 through 27.
These results are simitar to Case 4. Case 7 is similar to Case 3, and shows
the smallest amount of hemoglobin spreading among the eight cases. Figures 28
and 29 are plots of the axis hemoglobin and barbiturate concentrations, while
Figure 30 shows the propagating hemoglobin packet after 2 minutes.

Some sample spreading in the field direction was observed in all these
cases. [n a few cases, there was a great deal of spreading. It is clear that
electrokinetic processes can play a considerable role in electrophoresis
performance degradation.

Nevertheless, the nature of the sample spreading in these simulations and
in the corresponding acetate film experiments was qualitatively different from
the explosive spreading straight out of the nozzle, observed in many
experiments in the labaratory and in space. [t became clear that we should
look at free-flow electrophoresis effects.
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2.5 FREE-FLOW SAMPLE SPREADING

We have performed extensive simulations using the code's two-dimensional
rectangular option, with the upgraded formulations for varying wall
electroosmosis. The objective of these computations was to understand and
reproduce some of the observations of very rapid sample spreading as the
sample left the nozzle and entered the electric field region. These
observations were made both in space (particuiarly on STS6) and in the
laboratory at MSFC.

We believed at the beginning of this program that the spreading was
basically associated with the wall eilectroosmosis, and that all that was
required was a mechanism for spreading the sample to the walls from its
initial position near the center plane of the CFE chamber. We considered two
mechanisms, as follows.

The non-uniform conductivity distribution results in field and current
lines which are not parallel to the walls. In particular, the
electrodialysis effect associated with high concentrations of a large
protein molecule like hemoglobin leads to a high conductivity on one
side of the hemoglobin and a reduced conductivity on the other side,
the side towards which the large protein is moving. Inevitably the
tield and current lines diverge, and the sample is dispersed towards
the wall.

The non-uniform conductivity distribution also leads to variations in
the electric field along the wall. This in turn produces variations
in the electroosmotic slip velocity. From continuity, the varying
electroosmosis implies a flow field in the transverse direction, which
can act to advect the sample into the region close to the wall where
the electroosmosis flow 1is strongest (or to elongate it in the field
direction).

We performed several series of computations in order to test these two

hypotheses. We used samples and buffers with a wide range of different pH and
conductivity values, and we tested a number of different choices for the

electroosmosis slip parameters.
Dur conclusions from these tests were as follows.

Both phenomena occur, and either one can be dominant depending on the
conditions.

The model was successful in simulating the phenomena.
The effects are not large enough to explain the observations.
The results of two of these series of tests are summarized below.
2.5.1 Polystyrene Latex Simulations
We use suspensions of polystyrene latex micraospheres in some of our
experiments. Their advantage is that they make the flow and electrophoresis

visible, while they make no contribution to the charge neutrality balance
(which determines the pH), nor to the conductivity.
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For this first simulation, we wanted a simpie case. So we chose a
passive sample simulation. No corresponding experimental measurements were

attempted.

Ve used a barbital buffer. Since the latex was passive, there are really
just two components. Our results on the evolution of the latex concentration
are significant only in that they show the integrated effect of the flow and
electrokinetics alone. The buffer component distributions are modified by
diffusion, but diffusion is negligible for the latex.

As previously stated, electrokinetics has no effect on the concentrations
for a two-component monovalent buffer (with the excellent approximation of

neglecting the hydrogen and hydroxy!l ions). Thus the sodium and barbiturate
concentrations wvary only because of advection and diffusion. The only
complicating factor |is the effect of the conductivity distribution on the
electric field at the wall, and thus on the electroosmotic slip velocity.

When this wvelocity varies, transverse flows result, and the buffer component
distributions, together with any sample, are moved either towards or away from
the walls.

We computed two cases, with sample strengths 7.5X and .075X, where the
buffer is the 0.75X buffer used in Cases 1 through 4 of the cellulose acetate

experiments. In each case, the sample diameter is a millimeter, the gap
thickness is 3 mm, the wall mobility is 4x10_ em/sec/(V/em), while the
passive pelystyrene mobility is fixed at -2x10 em/sec/(V/cm). The mean

field is 30 V/cm to the left. Typical input data for the weak sample case 1is
shown in Figure 31; the parameters in the input data page were discussed in
the description of Figure 3.

Figure 32 1is a contour plot of the initial PSL concentration, for both
the strong and weak sample cases. The maximum (for comparison with later
plots) is 0.05. The plots of the initial sodium and barbiturate
concentrations are similar, with a ratio of ten between the sample and buffer
concentrations.

Figure 33 shows the conductivity at the cross section corresponding to a
mean residence time of 60 seconds. This means that the mean flow down the
chamber will cover the distance in 60 seconds. The center plane flow speed
covers the distance in 40 seconds, while the fluid at the no-slip wall
naturally takes an infinite amount of time. Note in the figure that through
the effects of diffusion and of the effectively large step near the wall, the
200 «mho/cm contour has reached the wall. The maximum conductivity is now
only 6.6 times the buffer value.

The current lines solution corresponding to this conductivity is shown in

Figure 34. The bulk of the current bends along the crescent of maximum
conductivity. The electric field component is plotted in Figure 35, with
numerical values drawn in. The electric field component on the wall drives

the flow shown in Figure 36; note that the wall slip velocity is low in the
middie and high at the ends. This results in a flow away from the wall on the
right, and towards the wall on the left, in addition to the flow component
parallel to the wall.

(continued on page 54)
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The PSL concentration at 60 seconds is shown in Figure 37. While the

stream function is puliing the tip towards the wall, the negative mobility
implies that the PSL near the tip is moving to the right along the current
lines, and therefore away from the wall. If the mobility was positive (the
same sign as the wall mobility), then the two effects would reinforce each

other at the tip.

The PSL concentrations at 120 seconds and at 180 seconds are shown in
Figures 38 and 39. While the tip has hardly moved under the counteracting
influences, the rest of the distribution has been moved by the transverse flow
towards the axis, and stretched along the axis by the combined effects of the

flow and the electrokinetics.

The conductivity at 60 seconds for the case with a2 low concentration
sample is shown in Figure 40; the minimum is already 41% of the buffer value.
The current lines are therefore almost straight, and the electric field
variation on the wall is limited, as shown in Figures 41 and 42. The stream
function is shown in Figure 43; the circulation is weak. The 120-second PSL
concentration is shown in Figure 44. The main effects are the crescent
formation and the electrokinetic focusing (due to the large field in the
sample and the low field outside). The contrast between Figures 38 and 44 is

remarkable.

2.5.2 Hemoglobin in Sodium Acetate Buffer

Figure 45 shows input data for another free-flow case. The buffer and
sample contain sodium and acetate in the ratio 2 to 3, with the same
concentration in each. The sample is 8.8% hemoglobin. The pK of acetic acid
is 4.7; the pH of the buffer is 5.0. The pH of the sample is 6.1, reflecting
the dominant influence of the large concentration of hemoglobin. The
parameters are somewhat analogous to Case 2, cf. Table 1.

The hemoglobin 1is positively charged in this pH range, and "bleeds" out
to the left. The acetic acid is pretty much fully ionized in the sample, and
carries more than haif the current; outside the sample it carries less than
half. Hence the sodium and acetate concentrations increase on the right and
decrease on the left.

The hemoglobin bleeds slowly to the left, since in the sample it so
dominates the pH that it is practically unionized.

Superposed on the effects which would be seen in a porous medium like the
acetate film are the electroosmosis, the larger steps near the wall, the
nonuniform electroosmosis resulting in flows towards and away from the wall,
and the nonuniform conductivity, resulting in ion movement along field lines
which are not parallel to the axis.

Figure 46 shows the initial hemoglobin concentration, with a peak of
0.00127. The initial sodium and acetate concentrations are of course uniform.

Figure 47 contours the hemoglobin molarity at the cross-section
corresponding to a mean residence time of 90 seconds. The peak is down only
12% from its initial wvalue, and the bleeding to the left is not visible,
because of the contour increment. The conductivity range in Figure 48 is a

(continued on page 67)
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VATER MOBILITIES
BOUNDARY FLOW

Roberts

SIDE BOUNDARY CONDITIONS
1/2/3 FOR %UFFER/SAHPLE/NO-FLUX
{

ZBL = -0.2000000 YT = 0.1500000  YSAMP = 0.0000000 UH = 0.0036000 LEFT =

ZBR = 0.2000000 YB = 0.0000000  RSAMP = 0.0500000 UOH = 0. 0020000 IRIGHT = 1

L = 0.0000000  DYRAT = 1.4000000  PSAMP = 2.0000000 UNE = 0.0004000 LCOND = F

IR = 0.0030000 1Y = 0 CZEROD = -100.0000000 W = 0.0000000

DZRAT = 2.0000000 YWALL - 0.0000000  EZERO =  -30.0000000 B = 0. 0000000

YHESH = 0.0300000
SPECIES BUFFER SAMPLE SINGLE 10N 1ONIZATION DEFINITION CONSTANTS
MOLARITY  MOLARITY  MOBILITY N N N N

S0D1UM 0.00200000 0.00200000 0.00052700 -3.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
ACETATE 0.00300000 0.00300000 0.00050000 -1.00 4.70 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

HEMOGLOBIN A 0.00000000 0.00130000 0.00001000 36.09 25.74 3.39 7.86 17.32 6.82 10.45 11.40 6.97 6.99 12.65 4.39 4.79

v +eaHETHOD PARAMETERSw1»
SPECIES TSTEP UPWNDA  UPWNDC FIXCZ  FIXCY THZFX

S0DIUN 0.200 0.950  0.950 T T 0,167

ACETATE 0.200 0.950  0.950 T T 0.167

HEMOGLOBIN-A 0.200 0.950  0.950 T T 0.167
NSTEP = 450 NPITER = 7 PEXTRP = 0.500

+12QUTPUT PARAMETERS»#»

DIRECT ACCESS READ & WRITE SEGMENTS WRITE STEP BEGINNING & INCREMENT
ISEGR = 2 ISEGW = 1 IBEGDA = 150  {INCDA = 150

BETDG
0.6

0.6

BETAQ  BETAD
0.6 0.6
0.6 0.6
0.6 0.6

DIAGNSS?!C FREQUENCY

DIAG =

BETCO  BETCD
0.6 0.8
0.6 0.6
0.6 0.6

CONTOUR LINES
0 NCLP = 28 NCLI = 0

(0% ANALYTIC. -1: AFTER PRIOR CASE) 7PLL = 0.00 ZPLR = 0,00 YPLB = 0.00  YPLT = 0.00 NCOPIES = |
ISTEP BEGIN & INCREMENT FOR PRINTER DIAGNOSTICS RANGES FOR | AND K PLOTTER IDAOUT BEGIN & INCREMENT
VARIABLE PHYSICAL CONTOUR INTEGER CONTOUR PRINT NUMBERS 1B IE Il KB KE KI PHYSICAL INTEGER INCR
pH 15¢ 150 9903 9904 9905 93906 1 42 17 1 -1 1 {9915 9916 0.0
SIGMA 150 150 9903 9904 9905 9906 1 42 | 17 L -t 1 1 9915 9916 0.0
PRI 8901 9902 9903 9904 9905 9906 1 42 1 17 1 -1 9913 9914 9915 9916 0.0
CURRENT 150 150 9903 9904 9905 9906 1 41 16 1 -1 1 t 9915 9916 0.0
EZ 150 150 9903 9304 9905 9306 1 4l |1 8% 1 -1 1 1 9915 9916 0.0
EY 8901 9902 9503 9304 9905 9906 1 4 16 1 -1 9913 9914 9915 9916 0.0
1ONDCP 9901 9902 9303 9904 9905 9906 1 41 1 16 1 -1 9913 9814 9915 9816 0.0
SSS{UH 150 150 9303 9904 9905 9906 1 4 1 6 1 -t { 1 9915 9916 0.0
CONC 150 150 9903 9904 9905 9906 1 42 1 17 1 -1 \ {9915 9918 0.0
MEAN ION 9901 9902 9903 9904 9905 9906 1 42 1 17 1 -1 9913 9914 9915 9916 0.0
MEAN SQU 9901 9502 9903 9904 9905 9906 1 42 | 17 1 -1 9913 9914 9915 9916 0.0
CHARGE 9901 9902 9903 9904 9905 9906 1 42 1 17 1 -1 9913 9914 9915 9916 0.0
SIGMA 9901 9902 9903 9904 9905 9906 {1 4 | 17 1 -1 9913 9814 9915 99i6 0.0
DCONC 9901 9902 9903 9304 9805 9306 1 42 | 17 1 -1 9913 9914 9915 9916 0.0
VELOCITY 9901 9302 9903 9904 9905 9906 1 42 1 17§ -1 9913 9914 9915 9916 0.0
AE%#%TE 9901 9902 9903 9904 9905 9906 1 42 1 17 1 -1 9913 9914 9315 9916 0.0
CONC 150 150 9903 9904 9905 9906 1 42 | 17 1 -1 1 1 9915 9316 0.0
MEAN [ON 9901 9902 9903 9904 9905 9906 1 82 | 17 1 -1 9913 9914 9915 9816 0.0
MEAN SQU 9901 9902 9903 9904 9905 9906 {42 1 {7 t -1 9913 9914 9915 9916 0.0
CHARGE 9901 9302 9903 9904 9905 9906 1 42 | 17 { -1 9913 9914 9915 9816 0.0
SIGMA 9901 9302 9903 9904 9905 9506 142 ! 17 {1 -1 9913 99{¢ 9915 9316 0.0
DCONC 9901 9902 9903 9804 9905 9906 1 42 1 17 1 -1 9913 9914 9915 98316 0.0
VELOCITY 9901 9902 9903 9904 9905 9906 1 4 1! t7 1 -1 9913 9914 9915 9916 0.0
FLUX 9901 9902 9903 9904 9905 9906 1 42 1} 17 1 -1 9913 9914 9915 9916 0.0
HEMOGLOBIN A
CONC 150 150 9903 9904 9905 9906 1 42 1 17 1 -t 1 {9915 9916-5.E-S
HEAN [ON 9901 9902 9903 9904 9905 9906 1 42 1 127 1 -1 9913 9914 9915 9916 0.0
MEAN SQU 9901 93802 9803 9904 9305 9906 1 42 | 17 1 -1 9913 9914 9915 9816 0.0
CHARGE 9901 9902 9903 9904 9905 9906 { 42 ¢ 17 { -1 9913 9914 9915 98916 0.0
SIGMA 9901 9902 9903 9904 9905 9906 1 42 | 17 1 -1 9913 9914 9915 9916 0.0
DCONC 9901 9902 9903 9904 9905 9906 1 42 1 17 t -1 9913 9914 9915 9916 0.0
VELOCITY 9901 9902 9903 9904 9905 9906 1 42 1 17 1 -1 9913 9914 9915 9916 0.0
FLUX 9301 9902 9903 9904 9905 9906 1 42 | 17 f -1 9913 9914  99!5 9916 0.0
Figure 45, |Input Data for Hemoglobin Acetate Case
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Initial Hemoglobin Concentration for Hemoglobin Acetate Case

Figure 46.
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Figure 47.
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Figure 48.
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(continued from page 54)
factor of almost &4; much less than the huge factors which developed in Case
2. The current lines are shown 1in Figure 49; and the electroosmosis flow
driven by the nonuniform field at the wall is shown in Figure 50,

Figure 51 contours the hemoglobin molarity at the cross-section
corresponding to a mean residence time of 240 seconds. The peak is now down
only 27% from its initial value, and the bleeding to the left is still not
visible, because of the contour increment. The current lines are shown in
Figure 52; and the electroosmosis flow driven by the nonuniform field at the
wall is shown in Figure 53. A lot of spreading has occurred, though less than
in corresponding cases on the cellulose acetate film. We believe that the
bending of the high conductivity region on the right into a crescent around
the hemoglobin and the depleted region on the left provides a path for the
current, and decreases the effectiveness of the process which maintains and
amplifies the conductivity contrast.

However, the mean residence time to achieve this spreading is 4 minutes.

Experimentally, the same spreading is achieved in 20 seconds or so. It is
apparent that these mechanisms are not adequate to explain the observations.

2.6 ANALYTIC STUDIES OF THE ELECTRIC AND DIELECTRIC BODY FORCE

Ve have concluded that the electric and dielectric body forces play a
significant role in sample spreading.

Taylor (1966) analyzed the electrohydrodynamic flow near a fluid sphere
with conductivity and dielectric constant different from those of the
surrounding fluid, We have extended his analysis to the cylindrical case, and
to the time-dependent case where the circular cross section becomes an
ellipse, and we can follow the early stages of its evolution (Snyder, et al.,
1988). Only a small part of this analysis was done under this contract.

2.7 EXPERIMENTAL VALIDATIONS OF THE BODY FORCE

The conclusive experimental validations were done with an AC applied
voltage, and resulted in the flattening of a circular sample stream to a
ribbon, either aligned with the field (for a high-conductivity sample) or

normal to the field (for a low conductivity sample). We provided extensive
support in the preliminary experiments to analyze the electric and dielectric
body forces. These experiments wused a suspension of polystyrene latex

microspheres in a barbital buffer, injected as sample into a barbital buffer
with a differing conductivity, and used an AC electric field. The use of AC
eliminates net ion migration and electroosmosis, and by using relatively low
buffer conductivities, convection can be kept at negligible levels. Depending
on the relative size of the conductivities (and on the magnitude of the
field), the initially circular sample was either compressed or stretched by
the electric field into a flat ribbon. This was in agreement with analytic
predictions based on the force on the charge density. This work is reported

in Snyder, et al., (1988},

We have also worked with MSFC personnel in the development of a moving-
wall electrophoresis device.
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Figure 51.

-70-



Roberts

Electrophoresis Performance

0¥ o2
S0—-300000°9
P@-325v60°6
11-308262°2

3WIlL
LNIWIAONI
WNWINIW

= WNWIXYW

BE-/ST°S0°7¥—-3p/%B "BXSL"/7340-3LYL30U-U3H

(wossdue)

S3NIT LN3J¥ND

Current Lines for Hemoglobin Acetate Case at 240 Sec

Figure 52.

_71_



Roberts

Electrophoresis Performance

00°0or2 = JWIL
S0-300000°+ = LNIWIYONI
b0—-324829y '€~ = WNAWINIW

11-3529¢L5°E = WNWIXYW

OE—-/S1° ‘S0 /p—-3P/XB 8 XSL*7340-31YL1IIY—W3H

(29S/2W3) NOILONNSA WYINLS

Stream Function for Hemoglobin Acetate Case at 240 Sec

Figure 53.

-72



Electrophoresis Performance Roberts

Chapter 3
SUMMARY OF FINDINGS

OQur key finding in the program was this discovery of the importance of
the electric and dielectric body forces. Together with this was the finding
that electroosmosis and electrokinetics alone are inadequate to explain the
observed spreading phenomena near the injection port.

In addition, our understanding of the electrokinetics has been much
extended.
We discovered that even when the protein concentration are low, and
the protein is essentially passive, protein can be trapped in a sample
column of high conductivity (and therefore laow field>. 1t leaks out
slowly, and as a consequence is stretched in the field direction.

We discovered the phenomenon of electrodialysis, which occurs when the
sample includes large concentrations of big protein molecules like
hemoglobin. The protein suppresses or increases the ionization of one
of the buffer components, by moving the pH towards its own pl value.
This changes the proportions of the current carried by the two buffer
components, travelling in opposite directions with opposite charges.
As a result, both components are depleted on the side of the sample
towards which the big protein molecules are moving, and accumulate on
the other.

Ve discovered that the electrokinetic equation can allow the
propagation with minimal change in shape of strongly nonlinear wave
packets.

We have analyzed free-flow electrophoresis effects in the distortion of a
single-protein sample. These studies were undertaken prior to our discovery
of the importance of electrohydrodynamic body forces, and therefore did not
include them. The hydrodynamics was limited to the streamwise Poiseuille flow
and to electroosmosis. We made the following discoveries.

The field at the wall is nonuniform, due to conductivity variations
either between the sample and buffer or caused by the presence of
significant amounts of large protein molecules in the sample. This

leads to a nonuniform slip velocity. The divergence of the
corresponding electroosmosis flux near the wall leads to transverse
flows, which can distort the sample towards or away from the symmetry
axis.

The electroosmotic distortion of a high-conductivity region into a
crescent provides a path for the electric current around the crescent,
and thus reduces the field in its interior. This can slow the
processes which amplify the high-conductivity region.

Electroosmosis is probably not a major contributing factor in
electrophoresis performance degradation, except when there is some
other effect forcing the sample very rapidly away from the center of
the chamber.
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APPENDIX

MODEL EQUATIONS

On the following pages we present copies of viewgraphs which provide a
summary of the model equation and numerical methods used in the SAMPLE code.

-76-



13494

SNOILdO 1Ndino 1e
SNOILIGNOD ANUANNOdE 02
NIYUWOQ TUNOILYLNGWOD 6T - 81
SNOILIANOD TWILINI Ly
SNOILYO11ddY ¥3HLO 91
SIS340Hd0Y¥LI3T3 MOT1d SNONNILNOD OL NOILYOIddY Sl
NOILOW NOI d3a3YL3y 304 13A0W AIDYSNO-T3INONH-IAE3Q 14
SNOILNEIJLSIA LNINANO ANY 1314 OINLI3IT3 €1
NOILUYLNIONOD S3I03dS 3IHL ANU X074 ANY NOILOW NO el
ALITUYLN3N 303UHO WO¥4 NOILNEINLSIA H 11
13004 NOILYUZINOI ©@F - 8
AdUWWNS 3000 L
ONISNJ04 JIdL0313061 9
W1I4d 319i30V HLIMN SLIN3IWIYIAX3 SIS3IYOHLOHLIITI TUYNOISNIWIQ-ONML S
340 HLIN SW3180dd 4
(340) SIS3d0HdONLI3T3 MO14 SNONNILNOD €
Hd ONIANYA LY ALITISOW OILIYOHAONLI313 AS NOILYYYI3S NI3LONd c
4RYH
SIN3INOI
8861 ‘0Ot 3INNr 3000 31dW¥S 3HL

JONVWHOSYId SISTHOHLONLII13

SLY3908 NA1D
13U ¥3IN3D LHOI1d 30¥dS TIVHSHUW




e
I ™

OF PCCR GUALITY

ORIGEiAL 1AGY

[ n-.m.f..%:« 198LNIN a1ov

(WO7L10Nn)7(3357UWI) ALITIEON

A B

8861 ‘Ot uz:ﬁu . 3000 37dUWYS 3HL
131y
JONYWYO04H3d SISIYOHHONLII T3

S133808 NATD
E ¥3IN3) LHOIT4 30UdS TIUHSHUW




OF POOR QUALITY

UK Gerisl PAGE IS

91187 - IN-L

A N0141N0 A

HHTHTHTHTTTH]

0000000000000000000000 51304 NOI11J3T1100

* « (1314 21410313 <«

_ _ _— 0 180d NOLLD3NNI
A MOTINI A SNOILI3S SS0¥0
(333) ST5390HJ08LITTI MOTd SNONNTINOD g
8861 ‘0€ INNr 3009 31dWYS 3HL € _zmummqw
13iva 10N (LN y
JONYNNO04¥Id SISIUOHAONLD313 i
SL¥3504 NA1D oy e
1 RIYN YILN3J LHOITS 3QUdS TTUHSAUN ~ INOT c% v



ORIGINAL PAGE IS

OF POOR QUALITY

NROQ JY3dE Ol yY3ddY SI1dWYS NIULYID -
NOEEId U OL NWNT0JD 31dWYS SNAaNL 41314 Jd/7v -
SW3790dd AY¥3LSAU @

LNdHONO¥HL SLOI¥LS3Y SIHL Llng -

SNOISNIWIA ¥IFWYHO TTUWS A8 Q3LVINITITY -

ALIAGYD ANY ONILYIH JIWHO OL 3Nd ‘NOILI3NNOD A8 43SNYJ -

M073d A¥LNI ANV NOIS3IA ANY 3dYHS d34WYHO A8 A3SNY) -
NWNT03 DSNOTY MO14 WYHOJINA-NON @

INdHONOAHL SLOTHLS3Y SIHL LNd
SNOILUYALNIONOD MO Ad Q3LWINITIY
31dUWYS 0L 3Nd ALINILONANOD WAOSAINN-NON Ad q3sSNY)
S$103443 T11vn A9 NOILJOLSIA S3LUNUAODY

LI S3SU3AONI N3L40 QNY NOILI3S SSO40 SLly0lSIaA -
d13I4 JI¥L0313 WIOJINN-NON @

SNLYYYddy TIUM-ONINOW (A3INNYU1d A9 A3LYIN3TIV
LNdHONOWHL SLOIYLS3Y SIHL LNn4
SNIQYd NO SNOILOIYLS3IY ONILINS3Y

SLN3JS3¥D OL SNOILI3S SSO0¥) SLyolsSIa -
SISOWS0-04L0313 T11UM UNY NOILIIYN4 119N @

333 HIIA SWIT404d

8867 ‘0O wz:ﬁ.wF 3000 31dWYS 3HL

= JONYWN04N3d SISINOHJO¥LII 13

YN 431INII LHOIN4 30UdS TIVHSHVW

S133408 NA1D
t




PAGE 1S

¥
i

Eoailva
OF POOR QUALITY

o

[ 91161 S8-UN-L

(TYIIdAL) S3TdWUS TTUNIAL 31dWYS TYILINI

*S$37dUWYS Jv1INI¥II :hw: ‘53I4NLS 340 ¥04 LI @3sn 3NnVH 3M °S31dWYS
dU3INIT HLIM ‘SISIYOHdOALIITI TUYNOISNIWIA-3INO 304 GINDISIA SUM WIALSAS SIHL

« (13I4 JOIyLI3T13 <«
%

31dUYS
WITI 3IVI300 HITM SINIWTIIIXT SI5IOHJOYIITTT TUNCISNINIA-OML ek
8861 ‘O€ 3INNP 3000 31dWYS 3IHL 5 e..»u .
13194 [N
JONUWNO4N3d SISINOHAONLIFT3I =
SL¥380¥ NA1D vy -
13UUN HILNID LHOIT4 30UdS TTVHSHUM T INQLd




ORIGINAL PAGE is
OF POOR QUALITY

gt:8 1T

JONYLSIA

_,,.

SNOILYYLNIONOD

*SNOILYYLNIONOD TIVWHS ATLN3IJIJI4NS 304
‘d35N304 A1ddYHS 349 SITNIIFT0W NIFLO¥d 3I0yYUT 3ITIHN

‘LNIOd WNTHEITINO3 ¥I3FHL ONIANNONANS 3JONVY U d3n0 (3LNEIYLSIA
‘SIILINISNAAIA ¥3DYYT 3INYH S3TINIIT0W ILATOHIWY T1TUUS

339 dNY

*(LNIQd JI¥1337130S1) 0¥3Z SI NOILYZINOI NU3W JI3HL HOIHM LY
INTYN HA JFHL LY d3SNJ20d 3J¥Y ‘SNI3LOdd ANY ONIANTIONI ‘SILATOHJWY
*IN3IQUy9 Hd AQY3LS Y SIHSITEYLS3 S3A0¥LI313

3714Y3WAIMWI N33NL3E 1309 U NI JANLXIW JLATOHJUWY NY 40 SISAT03103713
*NOILYOITddY TUIIW3IHOOIE 3QIM 40 QOHL3W DILSONODVWIA ¥ SI SIHL

ONTI5N504 IT¥LIITI05T

3000 31dWYS 3HL
134v4
JINVUNO0AY3d SISIAOHLONLITT]T

¥3IN3D IHIITJ 3WWdS TIVHSYUW

8861 ‘0E 3INNr

S133408 NA1D
13uoN




4

]
[

QUA

OF POOR

68T B-T-L

*ONISNI04 JI¥LI3ITI0SI TUNOISNIWIG-3INO LNIANIH3IA-3IUIL 30 AQYILS @
nmmmumozmozhoqu AYYANNOE ONINOW TYNOISNIWIA-INO LNIANI4IA-3UIL ©
S15340HdOHIYLOST TYNOISNIWIA-3INO LNIANIdIT-3UIL @

{SINIWIYILXI WIId ILYLIOYU TUNOISNIWIA-3NO LNIAN3IJ3IA-IUIL @
nmhzuzmwumxu W1I4 319130V TYUNOISN3IWIA-ONL LN3AN3d3d-3UIl @
SNOILNT0S 340 TIUYN-ONINOW TUNOISNIWIA-ONL AQUILS @

{8NOILN10S w&o TIYN-ONINOK TUNOISNIWIA-II¥HL AQYILS @

SNOILNT0S 340 TYNOISNIWIQ-3IIYHL AQU3LS @
$3ANTONI SNOILYOIlddY

*NOILdO NY SY 3NOQ 38 NUJ S3SYD TUNOISNIWIA-3NO

*S3ON3083INTIA XN14 3HL OL JOHL3W LIJITdWI NY
ONIATddY A8 SNOILNEINLSIA NOILUYLNIONOD 1TYIIAYY 3HL 3ivddn @
*TY0JAYY 31Y¥Yd3IS HOUI ¥04 NOILOIY¥IQ HOV3 NI S3XNT4 3IHL 130 @
*SNOILNGIYLSIA LN3¥3ND ONU Q71314 JI¥id373 3IHL d04 3IN10S @
‘ *NOILNEGIHLSIA ALINILONANOD ONIANOAS3d¥0D 3HL 130 @
*NOJLYZINOI 40 S33¥D30 3I3YN0S NY3W ANY NY3W DONIANOJS3¥y0Q IJHL 13D @
*WNINGITIND3 NOILUZINOI 193071 3HL WOY¥d NOILNEIALSIA HE 3IHL 13D @
t3ONULSIA d0 3WIL 40 LN3WIAONI HOUI ¥0d4 S3DHULS XIS 3FjY 3Jd3HL

*S3TdUYX3 3404 ‘NIFOT1O0W3IH 40 ‘3INTAILSIH
JLUANLTIENYE ‘WNINOWWY ‘3LWLIJY ‘3ILU4INS ‘WNICOS 34 AUW STIYIIAYY 3HL

*¥3GWYHO 349 Y NMOd 3ONYLSIA NI ¥0 3WIL NI
d3IN10N3 3¥Y SNOILNEI¥LSIA NOILYYLNIONOD TYIIAYY TTYNOISNIWIA-OMAL N

‘AUUINS 3d03

8861 ‘ot 3INNC 3000 31dWYS 3HL

== JONUNYO04¥3d SISIHOHLO0NLII 3

SLY¥3808 NATD
134N ¥3LNI) LHOTTJ 30UdS TTUHSHYM




OF POOR QUALITY

ORIGINAL PAGE IS

[ EC16T - WU-L

r
. _.z_.aN\ az_..am_,w W az_.uwx pH elZ = w N3HL

*TX  <I1NULSNOD 3NO AINO SI INIHL AIOY XYM INITUNONOW U ¥0d
*SINIWIANSYIM WOA4 ‘NINID Y X GNY I SLNULSNOD 3HLI 3¥3HA

seee c ¥ ﬁ' ml ses e -
vogHR 1 HPe a1 g WPTe o WETe
eee 200, T LA LI .
H H | Syl
c A ) M |

L K 2 ] ”

UL T T R T R S S S T B A

SOILYY JHL NI NOILYZINOI 40 333930 HOW3
40 SNOILYYLNIONOD 3INUH SILATOHAUWY QNU <S3Sud HNuan ‘SAIJY Hu3n °2

*3349340 d3S0dWI N Ol
‘@3ZINOI ATIN4 349 Ol Q3WNSSY ¥ S3SUd ANY SAIJY DNOALS

1
$3749711UNY S1300W NOILUZINOI dN04 LN3S3dd LY JdY Jd3HL
.Inloﬁ = H

tNOILUYLNIONOD NOI NIDONAAH 3HL NO ATINO
ONIQN3d3d NOILYZINOI 40 333930 ¥ 3nYH NOILNTO0S SNO3INOY NI STWIIavy

*@3ZINOI ATINS 339 SLIYS 1Y

T3A0W NOTLUZINOI

8861 ‘Ot 3NAr 3003 31dUWYS 3H1

2 JONUUNO0IYId SISTHOHAONLIITI
SLY340H NA1D
[] HILNID LHOIT4 39¥dS 1TVHSHUU

W




an
o4
AL

4351

OF POCR QALY

Otiue 4.

HP/WP H + W = W

SI ‘ST13A0W d3NO04 1TV d04 ‘W  NOILUYZINOI 40 333030 JJYNOS NY3N 3HL

*0T°0 NUHL SS37 40 dOo¥d3 3yYN0S NY3W 100d
Y S3NIY SIHL ‘3dAlL NIF0190W3IH 3INO 3404 SINIOd Yiud 6T HLINM

*YLlYd NOILYZINOI NYU3W Q3aNsvid oL LlId4 SIAVNDS L1SvIl
U A€ SIN3IIJI44300 ET 3HL 13D QNY

‘P = N 3SN 3 301I10vVdd NI

I o 5 tqyBor1- oL ('q)Bo1- WoWd SISYIWONI Hd sy
e - % ; % Loy ATHLOOWS S3SY3NOI@ W T = N HLIN
T, 1 Tq + H 1 )
SRR SL AL STINPAN B LA FRE - % .
1+ H
t W QNY W

404 SNOILYINWAO4 JILATUNG 3SN 3¥04343HL 3N
*SIWIL Jy0UW A0 OE dN 3IFZINOI NUO SNI3LOdd X3I1dWOD °¥

Cor r
‘ (Ht W7 AL - (Ht 9)/HZ = w

3NYH SH3HLO JHL 40 LN3IAN3I43ANI NOILYZINOI
HOY3 HLIN S3LATOHdWY ANV ‘S3SUg A93MN ‘SAIJV A¥3N °E

(PSRUTRUST) TIAOW NOILIVZINOI

8867 ‘0E 3NNr 3003 31dW¥S 3HL
131v0
JONYWHO4YId SISTYOHLOALIT]3
S133808 NA1D
1 UYN H3LN3D LHOIT4 IDUdS TIVHSUYW




JORIGINAL PAGE IS
OF POOR QUALITY

CL16] BE-TW—L

uzmawwac Jcmwauz anc
01— T e1-
/../
N
3LVANLIEYYE
- ¢~ 3INIAUSIH i-
ok
T{un1dos = - !
.
NIS0190W3IH N
o1 o1
NOILYZINOI NY3W
AEHNTAIUA LU NOTIUZINOT NU3u
8861 ‘0E INNC 3000 31dWYS 3HL
134vg

JONVWNOANId SISIAOHAOHLII T3

$ 3UN Y3INID LHOINS 3OYdS TTUHSHUN

S13390d8 NATD




U?‘:H.;x:'ii:’

ALY

H
A

OF POOR &

*d3lS LSUI4 3HL LY 1d3IX3 INIIJIHdNS SAUATY SI NOILYA3LI 3NO
*HP/7MP SIYINDIY HOIHM ‘NOILUYILI S.NOLMIN S3SN 300D 3FHL

*OINOLONOW SI WY¥3L A¥3IN3 3IONIS “3NOINN SI NOILNI0S 3HL

+Ta SNOILYYLNIONOD TT¥30T 3JHL 40 NOILONNd ¥ SY¥ ‘H S3INIWY3IL3Q NOILYND3I SIHL
‘pp-081 ‘d3ILYN ¥04 LNYLSNOO NOILYZINOI 3HL SI "X  333HN

@ = H'™Y - H + (bh'lu'o
JON3H *SLNINOJWOD SLI HLIM QINUdW0O I14I9IT9IN SI ALISNIG 39dVHO 3HL

AITTYYIMIN 3999A0 WOd3 NOTINATYISIq Al

8861 ‘@t 3INNr 3403 31dWYS 3JHL

e JONVUN04Y¥3d SISIAOHL0¥LII]3

SL¥3890¥8 NA1D
130N ¥3IN3O LHOITS 309dS TIVHSHUM




ORIGINAL PAGE |-

[ vC161 B-U0 L
* (9)omm/sqD) (QYNY4 3IHL SI 4

OF POOR QUALIT

¢ (o1omm/Bap/ssainol’) INULSNOD SYD 3IHL SI

« 4208'n

ALINISNIAIA NI3LSNI3 3HL SI a

340 ¥04 1d3I0X3I 0¥3IZ LN3ISIdd LV -
S1 ANV ‘NOILYIITNddY 3HLI HLIM S3IdUN ‘ALID0T3N AINTd 3HL SI 3d3H

. dQDdQ - ﬂll

¥

¢ 'nfug + B )To . T3

SY NOILYZINOI 40 S33yV3A 3HL d3IN0
ONIWWNS A8 Q3NIULE0 SI T 1UIIAYY 40 XNTd4d d40L03n 3JHL 3J¥3IHMN

VNI

A340 (23s/81ouww) SNOILYYLNIONCGD JHL ‘NOILYUNYISNOD WOd4

*30103n Q1314 O0IyLO313 3HL SI 3

*(LNYLSNOD @3WNSSY) NOILYUZINOI LINN ¥3d ALITIEOW 3HL SI N
‘NOILYZINOI 40 334930 3HL ST ¥ 3J¥3HN

¢ nu3
ALIJO0T3N HLIMN QINT4 3HL HONOY¥HL ATLNIAN3IJIANI S3INOW NOI HOUI LUHL 3WNSSY

NOTIVEINIINGD 5313345 3HL QWY XNTJ ANU NOTLIOW NOT

3000 31dWY¥S 3HL

8861 ‘ot uz:ﬁuha
131Y
JFONYWAOANId SISIHOHLONLII 13

S1¥3804 NATO
' ¥ILNID LHOITd 30¥dS TIVHSHUM

YN




IS

R QUALITY

P
W

H

ORI Frugh

<
v

OF FO

[ ¥Ei8T S-WWL

*ALITUYLN3N JDYVHO WOY4 *IYND3 11TY 33V S3ILITIE0W 3HL 41 0¥3Z SI d

*0d3Z SI ALISN3IA 3DAYHI
JHL 35NYI39 ‘ALIJ013N AINT4 3IHL WOH¥4d NOILNEINLINOD LN3¥AND ON SI 3JA3HL

¢ '™y - How o+ TpTw'orzyiy - 4

« ¢ iM%+ MPow o+ TpTulogy 4 -0

33Y TYILNILOd LNIFAND NOISNAAIA NOI ANY ALIAILONANOD 3IHL 3¥3HN
‘dA -3 T
SY 53103dS ANY SNOI ¥3IN0 ONIWWNS A€ Q3NIVLEO0 SI ¥OLO3n LNIJAND 3IHL

*QOHL3W 3NILYA3ILI (IAY) LIJITNAWI NOILO3INIA
ONILUNY3LTY NY ONY S3ON3Y3I44IA JLINIS ONISA d3NT10S SI NOILYND3 ¥3HLIZ

*NOILONNS LN3¥aNd 3HL 30 IWILN3LlOd
JHL ¥3HLI3 ¥04 SNOILYUND3 3AIT-NOSSIOH OL @¥3]l SNOILYNO3I onl 3IS3IHL

*NOILONNS LN33dNJd 3HL 40
TdN3 3HL ST ANY 3JON3VAY3NIA O0d3Z SUH d0L33N LNIYANI 3JHL °*MYILN3LOd

3HL 40 LN3IAua9 3HL SNNIW SI ANY “TdN) 0d3Z SUH (1314 O0IdL0313 3HUL
*ALISN3Q LN3YNND NU3W 3HL 30 d13I4 JI¥LIO313 NU3W 3JHL d3HLII 3SO04WI 3N

SNOTINGTYLISIA INFEINT dNY q13Td JTYLIOITI

8867 ‘O€ 3NN 3000 31dWYS 3HL

e IONYNOANTd SISIUOHIONLIIT3
SLY3T0¥ NATO
$ 3UUN HALNID LHOIN4 JIvdS TIvHSHWI

LSRRI 32 At

ks




ORIGINAL PAGE IS

OF POOR QUALITY

*SINIWFANSYIW LSNIVOY Q31531 34 11IMA A3HL
*SNOILUNLNIONOD 3HL 40 L00d 33UNDS 3HL d3QA0 40
‘4 404 03d0713N3A ONIFE YUY SNOILYUINWAOS DILATUNY ILUNIXOdddY

*ALINILOY 3HL SI  4-T 3JY3HN
‘¢ N3u(g-1)
0L 4INT3d IHL HONON¥HL ALIDO013N NOI 3IHL 3I9NUHI S103443 3IS3HL

*NOI 3HL LU Q1314 3HLI S30NA3d SIHL
*d13I4 3HL A8 Q3J091dSIA SI 413SLI 4ANO10 3HL ‘ATANOD3S

*AN0710 d3934YHO 3HL NO 3I¥04 3HL 40 3SNYO38 NOILIO3YIA
31150dd0 3HL NI ONINOW SI NOI 3HL 1Y dINTd 3HL ‘1SdId

$5103443 ONl A9 (3qAYL3IY SI NOILOW NOI 3HL

*NOILUYLNIONOD 3HL 40
J00d 3yUNDS 3IHL HLIM S3Tdun SNIQUY 3HL ‘SNOILYNDI S, NYWZL104 WOoyd

*NOIS 31IS0dd0 3HL HLIM 3034UHD NY3W 40 JA4IHHSOWLY NY SYUH NOI HOV3

NOTIOW NOT 3089138 903 "T300W JID95N0-"TINNA-IATI

8861 ‘0E 3NNr 3000 31dWYS 3HL

- JONUWNO¥Id SISIAOHJONLIITI
5143904 NA1D
1 3N HILNID LHOINY FIWdS TTUHSHW




OF POCR QUALITY

o A - -
N\Am>\m 1)E n

aNY
fNsx = 3 JWIL JONIAIS3Y JHL SI I14VIdun 3JWIL N3N 3HL

TUNOISNIUNIA-0OML ATNO MON SI T “TYOIQYYH 40 XN14 ¥0LI3N 3IHL IU3HN
« A - . Tofiyn
S3W0J334 NOILYND3 NOILUYLNIONOD TYIIAYA 3HL
‘INVI4-AIW 3IHL WOMd d3yNsH3w SI

‘SSINJDIHL ¥3FWYHI 3HL SI
‘MO14 NY3W 3HL ST N JFA43HN

*ALI2013N dITS 119N SISOMSO-0MLI313 LNYLSNOD 3HL SI 3=Nm
A2

« {as( - m>\mmmusgum co 2/ a2 h-ne )y - W

2 @

N3HL

*NOILO3NIA G713I4 IHL NI SIXY Z  3JHL 3Idvl
*334WYHO 3JHL SS0¥JY SIXY A 3HL vy
*d3GWUHO 3HL ONOTY SIXY X 3HL 3Vl

SISIYOHJOSLOTTI MOT3 SMONNIINGD Ol NOIIUdI'1ddY

886% ‘@€ 3INNC 3000 31dWYS 3HL
'

S JONYWHOI¥Id SISIHOHONLIIT3
SL¥3E0N NATD
1IN HIALNIID LHOIT4 30UdS TTUHSHYN




ORIGINAL PAGE IS

OF POOR QUALITY

$3SY0 3HL 3JLIVILNIYIJ4Id SNOILIANOD TUILINI QNY AJUANNOE 3IHL -
*d3ils 3JUIL 0oL T = 9 3sn c0¥3z SI MO14 AIN14 3HL -

53590 TUNOISNIWIQ-ONMNL QNY ~3NO LN3UN3Id3d-3IUIL @

NY3W 3HL OL @33dS 11YM 3IHL 40 OILYY¥ IHL SI 3n -
2/(1 - mimeS -% + 1 « n -
.omuNmmésE.oumon_EjmeH3=Nmammmmj¢___a

340 TTYM-ONINOW @

,.

8861 ‘ot 3NNC 3400 31dUWYS 3HL

s IONUWNOYId SISINOHJONLII3I

$1434048 NATD
13U Y3IN3D LHOITS 30udS 1IVHSHWM




AGL

O
¢

ORIGHAL

OF POOR QUALITY

*31dWYS JHL SI ¥3J4Nd 1431 3HL * € 42 ¢ 01  NIYWOG-Z 3HL $3sSN
33000 3HL °3JV4Y3ILNI 3NYTd U HLIIM S¥344N8 ONL FAY JYIHL *31dWYS
ON SI 3¥3HL SISIYOHOULIITII AUYANNOE-ININOW UNY SISIHOHJOHIVLOSI 04

NOILNEINLSIA IWILINI
3HL 40 LN3IAN34IANI SI 3ILULS AQYILS TUNId 3JHL ONISNO04 JIyLI3INI0SI A0d

*dYd 0S SNOILYIINddY 1Y 304 TYY3INID ATLNIIDI44NS Y SNOILIANOD 3S3HL

+ °d ONISN Q3HLOOWS SI ALINNILNOOJSIA NOILUALNIONOD 3JHL
¢
4 SNIAYY HLIN .Ao.nmv 4Y Q3Y3ILNID “dUINJAII SI 3I1dUWUS 3IHL

*AT3NTLI3dSIY I1dWYS ANV ¥344nd
JHL ¥04 ‘Q314I03dS 34¥Y¥ SNOILUHLNIONOD TWILINI 40 SL3S OflL

SNOTLITANGD TYWILINT

8861 ‘0E 3INNr 3000 371dWUS 3HL

e 3ONVWN04¥3d SISIYOHH0HLI3T13

SLY3408 NATD
130N ¥3LN3O LHOITd 30VdS TIVHSUWM




o

PAGE

ORIGIHAL

OF POOR QUALITY

€1 ~ UL

*HAYEOM3IN LX3IN 3JHL NI Q3L0dlSNTII SI SIHL
*3dYHS 31dWYS DNINTONI 3HL 40 NOILNTO0S3Y TYWILHO S3NID SIHL

*S3IL1I0013N LNULSNOD A3S0dWI HLIM 3n0W NUD AJHL ¥0 ‘S3NTYA TTVILINI @3SOdUI
3I3HL LY @3X1d4 39 NYO NIVWOd TUNOILYLINGWOD dNO 40 SITAVYANNOE 3HL

*JLINISNI AT3N1103443 SI NIYWOQ-Z 3HL ‘INISNI04 JIYLI3T30SI ¥0d4 Ld30X3

*LNIOd HS3W dOI¥3LNI 3INO 3SN ANY ‘TIUUS A¥3N A 3AUW 3N
*IYIJIAILAY SI NIYWOQ-F 3HL 53590 TUNOISN3WIA-3INO 3HL ¥0d

NTUOd "TUNOTIULNdWO0D

8861 ‘OE 3NNC 3000 31dUWYS 3HL

s JONUWNO4¥Id SISINOHJONLIIT3
SLH3G0¥ NATD
3 N H3IINID LHOIT4 3WdS TIVHSHYW




. Rl
GF PCOR QUALITY

R

18 - L

8867 ‘@t 3INACL

13494

S1334808 NATD
13UVN

x
0000000000000000000000 51304 WOILIITI00
NIVWOd TUNIJ
NIYWOd
TYILINI
. - 0 1¥0d NOTLO3NNI
|
fi
(PSMUTIUST) NIVWOT TYNOTIYINdWOI
3003 31dWYS 3HL

30NVWNO0JNId SISTYOHAONLDI13

Y3ILNIID LHOITd 30VdS TIVHSHYUM




UALITY

ORIGINAL PAGE
OF POOR QUAL y

NIYVWOG 3JHL 40 1IN0 SI NOILOW NOI NU3W N3HM (3nISSUd) 3INILUNIY¥Y3IA 0d3Z
NIYWOQ 3HL OLNI SI NOILOW NOI NY3W N3HM Q3SOdWI SNOILU¥LNIONOD
S$35U) d3HIO 11V @

AJUANNOE Z ¥3IHLII LY XN14 ON
ONISNJ04 JI¥1031730SI @

T901avd A¥3INI 40 XN1d4 0¥3Z :s3Tyvannod A e

8867 ‘ot wz:ﬁwzn 3000 31dWYS 3HL
3
JONUNYO04YId SISIHOHA0HLI313

H43INIO LHOI1d 30UdS TIUHSAHWM

S1¥3808 NATO
1 30VR




O
1

OF POOR QUALITY

]

SHIGHYAL PR

(2357W0) NOILONNA ALIDON3N -
JONUYHO NOILUNLNIONOD -
(WO/70HW) ALINILONANOD -
ALTHYI0W FDUYHO -
NOILYSINOI 33YNn0S NY3IW -
NOILYSINOI NY3W -
NOILYYLNIONOD dVI0W -
3dALl TYIIAVY HOV3 ¥04 @

(WO/5dWY) TWILNILOD LNIYIND NOISN44Id
(WD7S170n) Q1314 JIALIITI 3SAINSNUAL
(WO/51770Nn) G13I4 JI¥LI3N3 -
(WO/5dWY) S3INIT LN3AAND
3991700 3ONUEANLSIA

A=O\OIEVA>P NILONANOQ -

H) - = HG -
muqmcamco TU33IN3D @

$3149I¥YN DNIMO01104 IHL ¥0d4 318Y1IUNY JJY S101d SOIHAYY) «

(S3IN0OW) @
(@2 ANV Q1) XINOJ¥LX3L @

d31NIdd @
1NdiN0 SOIHJYY) «

SOILSONDYIA TYOTYIUNN <«

SNOTId0 INdIfd

8867 ‘OE 3NNT

131vq

S13380d8 NATD

1 N

3000 31dWYS 3HL

JONYWYO0IYId SISIYOHAON¥LIF]3

Y3LN3D LHOIT4 JOUdS TTUHSEUN




